INTRODUCTION
Cancers account for a high burden of morbidity and mortality worldwide. The Global Burden of Disease (GBD) Study estimates that cancer of all types resulted in 8 235 700 deaths in 2013. 1 Predominantly a disease of older age, historically cancer prevalence was high in high-income countries. However, the majority of cancer burden has shifted to low-income countries, which have experienced economic growth with rapid demographic and epidemiological transitions. The number of deaths from cancer are projected to rise due to population growth and aging. 2 3 Between 1990 and 2013, the proportion of all deaths that was attributable to cancer rose from 11.9% to 15.0%, largely among lowincome and middle-income countries and Strengths and limitations of this study ▪ We systematically analyse UK investment in cancer research and describe trends by cancer site and type of science along the research pipeline. ▪ We consider cancer research investments alongside the global burden of disease to provide pragmatic commentary about areas of UK research strength and relative neglect to inform funder strategy and contribute towards policy discussions. ▪ Our study is dependent on the accuracy of original investment data from the funding bodies. ▪ We could not openly access date of private sector research funding, nor were we able to obtain disaggregated award data from Cancer Research UK, which impedes analysis on the equity and efficiency of investment decisions. ▪ Disease burden measures are typically an estimate and are subject to the potential introduction of bias; other variables influence funding decisions beyond the burden of disease.
site-specific cancers accounted for nine of the 50 leading causes of death, worldwide. 1 The socioeconomic impact of cancer, in terms of direct costs involved in medical management as well as indirect costs resulting from productivity loss, on patients and caregivers are substantial. Direct health-related costs of cancer have been estimated to incur €51.0 billion within in the European Union 4 and $124.5 billion in the United States of America (USA). 5 Indirect costs are estimated to account for additional losses of €75.2 billion and $115.8 billion, respectively. Economic evaluation of the impact of cancer outside of these two geographical regions has been lacking.
Investment in research and development (R&D) for cancers produces global public benefits that have a positive effect locally and worldwide, irrespective of the site of the work or the location of the institution receiving an award, bringing substantial health, social and economic benefit.
There are several national and international funding bodies that make cancer research investments along the R&D pipeline, from preclinical studies through to clinical trials and applied research. The United Kingdom (UK) is one of the world's leading investors and producers of global biomedical and health research. Previous analyses by the Research Investments in Global Health study (ResIn, http://www.researchinvestments.org) have systematically analysed public and philanthropic awards totalling £3.7 billion to UK institutions for infectious disease from 1997 to 2013, and evaluated funding against global disease burden 6 7 and publications and citations as a marker of research output. 8 Tracking investments in R&D provides information and evidence to inform funding decisions and priority setting. Here, we present a systematic analysis of cancer-related research awarded by public and philanthropic funders to UK institutions from 2000 to 2013, categorise the data against a range of cancer-specific and cross-cutting disease areas and assess the award data against global measures of mortality, disability-adjusted life years (DALYs) and years lived with disability (YLD) across three time points and in the wider literature.
METHODS
Our methods build on those developed for the infectious disease research investment analysis, which are described in detail elsewhere 6 7 and adapted in subsequent peer-reviewed publications (http://www. researchinvestments.org/publications).
We systematically examined funding awards from a number of public and philanthropic funding bodies Information was obtained by downloading openly accessible information on the funder website, contacting the funder to request the information or searching existing funding databases. For each award, the title and abstract, where available, were individually screened for relevance to cancer research. We excluded awards that were (1) not obviously or immediately relevant to oncology; (2) led by a non-UK institution and (3) not considered to be for R&D activity. Studies that were completed without funding were also excluded. Private sector data were not available to evaluate at the same level of detail as public and philanthropic research award data, and were therefore excluded from this analysis.
Cancer Research UK (CRUK) would not provide their funding data at individual award level and so could not be included in the main analysis. There is some description of individual CRUK awards without grant amounts available at https://europepmc.org/. We report total number of studies in this analysis.
Where awards were described in currencies other than UK pounds, these were converted to UK pounds using the mean exchange rate in the year of the award. All included awards were adjusted for inflation and reported in 2013 UK pounds.
Each study in the data set was reviewed by one author (either CDZ, GJG, MAE-H or MGH) and assigned to as many of 14 cross-cutting categories as appropriate. The 14 association categories were paediatric, geriatric, infection-associated, women's health, men's health, occupational health, pathogenesis, diagnostic/screening/monitoring, drug therapy, radiotherapy, surgery, immunology, psychosocial and global health. Awards were defined as global health if they were considered to pursue a clear non-UK focus (eg, 'thyroid cancer in Kenya'). The other category was only used when none of the aforementioned categories were deemed to be appropriate. Studies were also allocated to one of five categories along the R&D pipeline: preclinical; phase I, II or III clinical trials; product development (including phase IV activity); public health and cross-disciplinary research. The cross-disciplinary category was defined as an award containing significant components across two distinct areas along the R&D pipeline (such as preclinical research leading directly into a phase I trial). Provisional datasets were circulated to all authors for review and comment with checks by second authors on sections of the data and any disagreements settled by consensus. Final datasets were then again circulated for further review by all authors. Microsoft Excel 2010 and 2013 and Stata (V13) softwares were used for data analysis.
Global data on mortality, DALYs and YLDs were available at time points 2005, 2010 and 2013. All burden data were sourced from the findings of the GBD study, for 2013 1 9 10 and for 2010. 11 12 Burden data from 2005 were obtained directly from colleagues at the Institute for Health Metrics and Evaluation, USA. As defined by the GBD study, YLDs for a disease or injury are the sum of the YLDs for each sequela associated with the disease or injury. 10 DALYS are the sum of years of life lost (YLLs) and YLDs for each age-sex-country group. 9 In order to allow direct comparison of relative investment with global health metrics across disease areas and between different time periods, metrics were adapted from the infectious disease analyses to estimate the 'investment per mortality/DALY/YLD observed 7 '. The metrics were created using the following equationðTotal research investment up to the year before the time point=number of deaths, DALYs or YLD at time pointÞ=number of years of investment included:
For example, for assessment of breast cancer mortality at the 2013 time point, we took the sum of breast cancer research investment 2000-2012 (£124 305 716) and divided that by number of deaths reported in 2013 (471 000), and divided the result by the number of years of investment included (13) to get an 'investment per mortality observed' metric of £20.30.
These metrics were applied for research relating to 16 site-specific cancers, where there was comparable data in the ResIn and GBD studies. We defined lung cancer by aggregating 'tracheal, bronchus and lung cancer' burden data from the GBD study. Similarly, we defined skin cancer by aggregating 'malignant skin melanoma' and 'non-malignant skin cancer', and we defined upper gastrointestinal (GI) cancer by aggregating 'oesophageal' and 'stomach cancer'. The use of total investment and the division by number of years included aimed to reduce the impact of the volatility of annual research funding and the relatively short periods between time points. Ranking scores of the investment metrics were developed for the 16 sites of cancer against 2013 burdens. Cancers were ranked in order of relative investment against burden from high to low and assigned a score (from 1 to 16). The mean ranking scores across mortality, DALYs and YLDs were used to illustrate an overall relative level of investment against 2013 global disease burden.
Patient involvement
There was no patient involvement in this study.
RESULTS
We identified 4299 funded studies that met our inclusion criteria (table 1). The funding for these studies represented a total research investment of almost £2.4 billion. The mean award amount for each study was £555 513 (SD £1 429 510) and median was £231 559 (IQR £114 619-487 063). A total of 2416 awards (56.2% of total) were designated towards a named site-specific cancer (table 1), equating to £1.0 billion (40.3% of total). The top five cancer sites in terms of award number were haematological, breast, colorectal, prostate and skin; the bottom five were testicular, bone, bladder, thyroid and cholangiocarcinoma (table 1). The top five cancer sites in terms of total funding were haematological, breast, prostate, colorectal and ovarian; the bottom five were testicular, mesothelioma, thyroid, bladder and cholangiocarinoma. Mean funding per award varied greatly between sites with prostate cancer receiving the most (£1.47 million) and bladder cancer the least (£117 385).
The top five areas of primary research focus, by number of awards, were drug therapy, diagnostic, screening and monitoring, women's health, immunology and pathogenesis; the bottom five areas were men's health, surgery, occupational health, global health and geriatrics (table 2). In terms of net funding, the top five areas of research were pathogenesis, drug therapy, diagnostic, screening and monitoring and women's health and immunology; the bottom five were surgery, psychosocial, global health, occupational health and geriatrics.
The majority of awards were focused on preclinical science, accounting for 66.2% of award numbers and 62.2% of all funding (table 3). In terms of award number, this was followed by public health, crossdisciplinary, phase I-III and product development. This order was reflected in terms of net investment, although cross-disciplinary studies ranked ahead of public health studies. Phase I-III clinical trials received the highest mean funding per award, at £736 172 (SD £3 361 312), while public health research received the least, at £496 744 (SD £1 000 757).
The largest individual funder of cancer research of the studies identified was the MRC, accounting for 35.1% of all funding (table 4). The charitable sector was responsible for 39.5% of all awards (excluding CRUK) but 17.4% of funding. The European Commission was responsible for the largest mean grant per award (£1.58 million).
We generated a compound ranking score for the 16 sites of cancer against 2013 global disease burdens, across mortality, DALYs and YLDs (table 5). The amount of investment per unit disease burden (£ per death/ DALY/YLD) was used to compile this compound ranking score. The data for all site-specific cancers measured here are presented in the online supplementary information (see online supplementary tables S1-S3 and figures S1-S3). We identified the five sites that received the most funding relative to disease burden as prostate, ovarian, breast, mesothelioma and testicular cancer. The least well-funded sites relative to disease burden were cancers of the liver, thyroid, lung, upper GI and bladder.
We were able to obtain some disaggregated data for 3284 CRUK research grants during the period of interest but this excluded individual award data. Compared with the aggregation of all other funders, CRUK placed more of a focus on funding towards cancers of the prostate, ovary and liver-by study number these sites accounted for 6.9%, 3.4% and 2.7% of CRUK-funded studies compared with 2.1, 1.1 and 0.9% of all studies in our quantitative database, respectively. CRUK preferentially funded research investigating pathogenesis, which accounted for 51.0% of all grants awarded. In comparison, only 5.3% of all awards in our quantitative database were identified as primarily focused on pathogenesis.
DISCUSSION
We identified 4299 funded studies, with a total research investment of £2.4 billion. We performed qualitative analysis on a further 3284 CRUK-funded awards. The vast majority of all awards awarded were investigating at least one of pathogenesis, diagnosis, monitoring and screening and drug therapy. In the absence of CRUK data, the MRC and the Department of Health were the two leading funding sources. Preclinical research accounted for £1.5 billion (62.2%) of total R&D investment. Four of the five highest funded cancer sites relative to global disease burden were gender specific-namely prostate, ovarian, breast and testicular cancers. Cancer research with a clear focus on women's health accounted for 640 studies (14.9%) and £199.5 million (8.4%) of investment. In comparison, 111 studies (2.6%) and £143.3 million (6.0%) of investment had a clear link with men's health. This may reflect the successes of various institutions and charities that have sought to increase awareness of these sex-specific cancers. Breast cancer, the most commonly diagnosed cancer in the UK and the leading cause of cancer death in women, and prostate cancer, the second most frequently diagnosed cancer and the sixth leading cause of cancer death among men, were found to be relatively well funded. 1 2 We highlight several cancer sites where there might be underinvestment, namely that of liver, thyroid, lung, upper GI tract and bladder. In our analysis, cancer of the upper GI tract combines oesophageal and stomach cancer. These site-specific cancers identified to be relatively underfunded account for a substantial proportion of global cancer burden. Globally, these sites account for 47.9, 44.3 and 20.4% of the global mortality, 1 DALYs
and YLDs 10 of all cancers, respectively. The disparity between YLDs and DALYs demonstrates the poor prognosis and high mortality of these particular sites when compared against all neoplastic diseases. Lung, liver, stomach and oesophagus are the first, second, third and fifth, leading sites of neoplastic mortality worldwide. 1 Two previous studies have compared UK cancer funding with YLLs. Burnet et al 13 reported the relative overfunding of breast cancers and leukaemia. Carter et al 14 15 likewise reported higher levels of funding than their burden suggests of testicular, leukaemia, Hodgkin's lymphoma, breast, cervical, ovarian and prostate cancer with relative underfunding of gallbladder, lung, nasopharyngeal, intestine, stomach, pancreatic, thyroid, oesophageal, liver, kidney, bladder and brain/central nervous system (CNS). Furthermore, they show that these broad discrepancies between cancer burden and research investment are also reflected in the data from the USA. Over the past decade in the UK, there has generally been a transition of increased funding towards previously underfunded cancers with one notable exception being breast cancer. Although our site-specific classifications differed slightly, our findings are broadly consistent with these previous studies with the identification of haematological and sex-specific cancers being relatively well funded. We are unable to account exactly for the slight differences in our findings (such as cervical and colorectal cancers); however, they are likely due to our metrics which seek to capture mortality (global mortality and DALYs) and life burden (DALYs and YLDs) rather than just mortality, and also different included components in the respective datasets. With regard to interventions research, there is heavy investment in drug-based modalities. A total of £620.9 million (26.0%) was invested in novel drug therapies and £194.1 million (8.1%) was invested in the emergent role of immunomodulation. In comparison, funding towards radiotherapy and surgical interventions accounted for £88.2 million (3.7%) and £37.9 million (1.6%), respectively. In high-income settings, around half of new cancer diagnoses will undergo a course of radiotherapy treatment during their clinical management; roughly, a quarter will receive two or more courses. 16 17 Globally, over 80% of cancer cases will warrant surgical intervention, where it has preventative, diagnostic, curative, supportive, palliative and reconstructive roles. 18 Analysis by R&D pipeline showed that research investment in the UK places a heavy emphasis on preclinical research, but relatively little investment towards phase I-III clinical trials or product development, and this is in line with previous research in infectious disease investment. 6 This may reflect the strengths of UK institutions in preclinical science, and could suggest a need to strengthen research capacity further down the R&D chain. It would be useful to determine whether investment reflects the priorities of funding agencies and whether this is comparable with research investment in other countries. We noted a lack of readily available data from the pharmaceutical industry and this is likely to leave a data gap in particular for sum totals of investment in clinical trials of pharmaceutical products.
Our findings contribute to the development of transparent and objective methods to couple the allocation of limited research funds with disease burden. Previous studies have suggested that financial investment might appropriately be coupled with DALYs as a measure of burden. [19] [20] [21] [22] Furthermore, previous UK research suggests that publicly funded research offers substantial rates of return in terms of health and monetary benefit in the case of cancer specifically 23 and biomedical sciences as a whole. 25 We have further sought to incorporate mortality rates and YLDs into the consideration of cancer research investment. These analyses, when considered together, provide convincing pragmatic evidence of UK research strength and types of cancer where research investment has been particularly lacking.
We have chosen to compare cancer research funding with global rather than domestic UK disease burden. Owing to increasing globalisation, the emergence of non-communicable disease burden in resource-poor settings, the internationalisation of healthcare, the flow of people across national borders and the role of the UK as an international centre of biomedical research, we believe this approach to be justified.
However, defining an appropriate amount of research investment for each site-specific cancer is challenging since cancers of similar disease burdens may warrant different levels of investment to develop cost-effective interventions. Decisions may be influenced by any of a number of factors, for example, due to exceptional need, as may be the case in mesothelioma, or due to public awareness and third-party lobbying, as may be the case with regards to the gender-specific cancers.
A variety of factors contribute towards the difficulty in tracking net cancer research investment within the UK. Fragmentation of data from a large number of diverse public and private sources of funding, poorly designed donor accounting structures and the paucity of disaggregated information from the private sector limit the quality of the evidence base and thus the ability to inform policy in real time. In our study, we were unable to obtain disaggregated investment data from CRUK, despite requests across 2014 and 2015. It is noteworthy however that CRUK representatives are welcoming and encouraging the expansion of data-sharing and promoting the availability, accessibility and discoverability of such data 26, 27. In our experience across the ResIn infection and cancer analysis, more than 200 high profile research funder in the UK and the USA have been supportive of lending transparency to their investment profiles. The lack of data liberation across noncommunicable diseases impedes open scrutiny and hinders timely and effective response to this growing global disease burden. 28 29 Transparency in the tracking and monitoring of cancer research financing is essential to enable accountability and equity in resource allocation and to facilitate further future research in this area. We would encourage CRUK to be more open in providing data on funding.
In this study, we systematically analyse UK investment in cancer research and identify areas of relative neglect. Although the competitive application process used by most funders to allocate research grants ensure a portfolio of high quality, the absence of explicit resource allocation criteria could contribute towards inequalities in R&D by disease burden. Funding agencies will have particular areas of focus, and UK funders may have considered the focus of international agencies in their own research strategies. As a result, international data is essential to complete the mapping of cancer research investment. Nevertheless, our findings will inform funders and contribute towards policy discussions that reduce inequities in the allocation of limited financial resources.
By demonstrating the relationship between disease burden and research funding, we enable the identification of potential investment gaps. However, it is not possible to fully equate gaps in funding with areas of neglect without consideration of other influences such as the feasibility of research, costs of technologies, infrastructure and skill requirements, political and social considerations and the accuracy of disease burden estimates.
There are several potential limitations to our study. We are dependent on the accuracy of original investment data as sourced from the funding bodies. Although checks were made on any obvious discrepancies or errors, interpretation of these original data may contain errors. We made no attempt to investigate the contribution of any indirect or estate costs. Currency conversions were averaged across each financial year and any intrayear fluctuations may not have been captured. Unless clearly documented, we were unable to assess how funding was distributed from lead institutions to collaborative partners. We considered individual awards, rather than number of studies.
Furthermore, assignment of disease categories and allocation of studies according to these categories is subjective, and there might be disagreements regarding certain inclusion criteria. As YLLs were not included in our analysis, we may underrepresent the disease burden of cancers that occur disproportionately in the young and which are associated with poor survival, notably cancers of the ovary, cervix and CNS. 13 However, we would expect any additional information offered by YLL analysis to be predominantly captured by use of DALYs.
We could not openly access data of private sector research funding, nor were we able to obtain disaggregated award data from CRUK. While our analysis did demonstrate that CRUK funding (with some exceptions) broadly reflected the findings of our quantitative database, it is likely that substantial awards towards particular areas of research could skew results; for example, CRUK are particularly keen to fund clinical trials, an area typically not covered to such an extent by other public and philanthropic funders. In 2014/2015 CRUK invested £394 million into research or research-related activity, and we hypothesise that much of that would have met our inclusion criteria for this analysis. 30 Disease burden measures are typically an estimate and are subject to the potential introduction of bias from missing or unobtainable data as well as from differences in classification and diagnosis.
Our report presents the latest investment data on cancer research awarded to UK institutions between 2000 and 2013. Cancers of the liver, thyroid, lung, upper GI tract and bladder as well as research towards radiotherapy and surgical techniques in particular may warrant increased rates of investment. We will make the entire database and associated figures available online (http://www.researchinvestment.org) to assist policymakers, funding organisations and researchers in the identification of investment gaps. We further encourage funding organisations to make their investment portfolios openly accessible to facilitate future research.
We hope that open funding data in this area can contribute to redressing the misalignments in investments for cancer research. Cancer research can improve the clinical course of disease and offer tangible improvements in health outcomes. 23 Access to open data across all funders is essential, and transparency can assist policymakers and the scientific community in ensuring that limited resources are allocated appropriately and thus most effectively alleviate the extensive mortality and morbidity associated with cancer.
